ABSTRACT Skeletal muscles exhibit great plasticity and an ability to reconstruct in response to injury. However, the repair process is often inefficient and hindered by the development of fibrosis. We explored the possibility that during muscle repair, the different regeneration ability of the fast (extensor digitorum longus; EDL) and slow twitch (Soleus) muscles depends on the differential expression of metalloproteinases (MMP-9 and MMP-2) involved in the remodeling of the extracellular matrix. Our results show that MMP-9 and MMP-2 are present in the intact muscle and are up-regulated after crush-induced muscle injury. The expression and the activity of these two enzymes depend on the type of muscle and the phase of muscle regeneration. In the regenerating Soleus muscle, elevated levels of MMP-9 occurred during the myolysis and reconstruction phase. In contrast, regenerating EDL muscles exhibited decreased MMP-9 levels during myolysis and increased MMP-2 activity at the reconstruction phase. Moreover, satellite cells (mononuclear myoblasts) derived from Soleus and EDL muscles showed no differences in localization or activity of MMP-9 and MMP-2 during proliferation and differentiation in vitro. MMP-9 activity was present during all stages of myoblast differentiation, whereas MMP-2 activity reached its highest level during myoblast fusion. We conclude that MMPs are involved in muscle repair, and that fast and slow twitch muscles exhibit different patterns of MMP-9 and MMP-2 activity.
myofibers (Anderson, 1998 , Charge and Rudnicki, 2004 , Schultz, 1989 .
Mature muscle is a mosaic of fast and slow twitch fibers (Huard et al., 2002) . Due to their fiber composition, the fast twitch muscle Extensor digitorum longus (EDL) containing about 95% of fast fibers, and the slow twitch muscle Soleus containing 80-100% of slow fibers, are widely used as the models of fast and slow muscles. It has been shown that there are differences in the regenerative response of these two muscle types to microlesion injury (Darr and Schultz, 1987) , injection of anesthetic (Kalhovde et al., 2005 , Nonaka et al., 1983 or crush (Bassaglia and Gautron, 1995) . In crush induced regeneration model, EDL muscle regenerates properly and shows a normal structure at day 14 after wounding (Bassaglia and Gautron, 1995) . In contrast, Soleus muscle undergoes fibrosis after crush and denervation (Bassaglia and Gautron, 1995 , Moraczewski et al., 1996 , Zimowska et al., 2001 .
Muscle repair is a finely orchestrated process involving changes in the synthesis and degradation of the components of ECM, commonly described as ECM remodeling (Charge and Rudnicki, 2004) . Previous reports have indicated that the zinc-dependent matrix metalloproteinases (MMPs) play the pivotal role in ECM remodeling during muscle regeneration (Tsuruda et al., 2004, Werb and Chin, 1998 ). MMPs family includes more then 20 identified members which digest the ECM components (McCawley and Matrisian, 2001, Ravanti and Kahari, 2000) . It has been shown that two isoforms of metalloproteinases -MMP-2 and MMP-9 (gelatinase A and B, respectively) -are up-regulated in muscle undergoing regeneration after injection with cardiotoxin (Kherif et al., 1999) . Activation of MMP-2 and MMP-9 has also been found to be associated with various myopathic and inflammatory-induced changes in skeletal muscle (Kieseier et al., 2001 , Schoser et al., 2002 . Moreover, in mdx murine muscles, that serve as animal model of Duchenne dystrophy, the constitutive expression of MMP-9 and the up-regulation of MMP-2 have been observed (Kherif et al., 1999) .
Since muscle crush results in structural rebuilding of muscle accompanied by ECM remodeling, we investigated the differences in MMP-9 and MMP-2 activity between regenerating Soleus and EDL muscles. We hypothesized that in contrast to properly regenerating EDL muscle, extensive fibrosis found in the regenerating Soleus muscle may be linked with changes in MMP-9 and/or MMP-2 activity. Thus, the aim of our study was to establish if there are differences between fast and slow muscles in MMP-9 and MMP-2 activity, expression and localization during the regeneration process.
Effective muscle regeneration requires a coordinated repair response involving satellite cells, inflammatory cells and vascular system to restore the architecture of the tissue. Since previous studies have demonstrated that murine myoblast can produce both MMP-2 and MMP-9 (Allen et al., 2003 , El Fahime et al., 2000 , Ohtake et al., 2006 , we analyzed the contribution of myoblasts isolated from Soleus and EDL muscles to MMP-9 and MMP-2 production during slow and fast twitch muscles repair. In the present study we determined the levels of MMP-9 and MMP-2 activity and expression at protein and mRNA levels and the localization of both enzymes during myoblast differentiation in vitro. Therefore, we were able to distinguish whether the morphological differences observed during regeneration of Soleus and EDL muscles result from the activity of their satellite cells or the inflammatory cells, which infiltrate crushed areas.
Results

MMP-9 and MMP-2 are simularly distributed during Soleus and EDL muscle regeneration
Using crush induced muscle regeneration model we investigated repair process of slow twitch Soleus (Fig. 1A) and fast twitch EDL muscles (Fig. 1C) . In this experimental model, muscles underwent complete degeneration within the first 3 days after the procedure. Then, the process of reconstruction of muscle fibers started. In contrast to EDL muscle, that regenerated properly and showed a well-structured muscle at day 14 after crush, Soleus muscle displayed heterogeneous tissue repair characterized by the accumulation of ECM components (Fig. 1A) . Since metalloproteinases are believed to play a key role in the degradation of ECM components, first we investigated localization of MMP-9 and MMP-2 during muscle regeneration.
In the intact Soleus (Fig. 1B ) and EDL muscles ( Fig. 1D ) both metalloproteinases were detected around muscle fibers. At day 1 of the regeneration, when the pronounced myolysis was observed, MMP-9 and MMP-2 were localized around destroyed muscle fibers and decorated cells localized between them. These cells were presumably inflammatory cells or activated satellite cells. During the repair process MMP-2 and MMP-9 were found in the cytoplasm of young myofibers and mononuclear cells. At day 14 after crush the regression of inflammatory edema occurred and MMP-2 and MMP-9 were found mostly in the cytoplasm and around the young myofibers. The distribution of MMP-9 and MMP-2 was similar in Histological aspects of the regeneration of Soleus (A) and EDL (C) muscles. The injured muscles underwent complete degeneration within the first three days post injury. The inflammatory cells invaded the injured muscles at day 1 after injury. By day 7, numerous young myotubes regenerated and inflammation decreased. Maturation of myotubes into multinucleated myofibers progressively occurred and by the day 14 EDL muscle was properly regenerated. In contrast, during the same time Soleus muscle underwent fibrosis. Observations were performed using a Nikon microscope. Immunolocalization of MMP-9 and MMP-2 during regeneration of Soleus (B) and EDL (D) muscles. Immunostaining for MMP-9 and MMP-2 (green) were carried out. The images were recorded using a LSM 510 confocal system (Zeiss).
B C D A
MMP-9 and MMP-2 exhibit different activity profiles during regeneration of Soleus and EDL muscles
The differences in mRNA levels of MMP-2 and MMP-9 between regenerating Soleus and EDL muscles were accompanied by the changes in the levels of proteins of both enzymes (described above). We wanted to determine whether these observations correlate with the differences in the activity of both metalloproteinases. Since MMP-9 and MMP-2 are known to be gelatinases, their activity was determined by gelatin-substrate zymography under nonreducing condition (Fig. 2C ). In the intact muscles both MMP-9 and MMP-2 activity was low. MMP-9 activity increased at day 1 after crush in both Soleus and EDL muscles. However, its activity was about 2 times lower in EDL when compared with Soleus muscle. In the regenerating Soleus MMP-9 activity continuously decreased until day 14 after crush but at every stage of regeneration it was at least 5 times higher than in the intact control muscle. In the regenerating EDL muscle activity of MMP-9 remained high up to day 5 after crush but at day 7 it decreased to the level observed in the intact control muscle. It remained at this level up to day 14 after crush.
MMP-2 also exhibited different activity profiles in the extracts from the regenerating Soleus and EDL muscles. During Soleus muscle regeneration the low activity of MMP-2, comparable to that found in the intact control muscle, was observed during myolysis (from 1 to 3 days after crush). From day 5 after crush it gradually increased reaching the highest level at day 14. In contrast, in the regenerating EDL muscle the high activity of MMP-2 occurred at day 1. Then it increased reaching the maximum at day 7 after crush and remained high until day 14.
MMP-9 and MMP-2 show different localization in differentiating myoblasts
The immunostaining of muscles during repair showed labeling Soleus and EDL muscles at different phases of muscle repair.
MMP-9 and MMP-2 mRNA levels change during Soleus and EDL regeneration Although no differences in distribution of MMP-9 and MMP-2 were observed during regeneration of Soleus and EDL muscles, we decided to compare levels of mRNAs encoding MMP-2 and MMP-9 in both muscles at different stages of regeneration (at day 0 and 3,5,7 and 14).
MMPs expression showed differences in Soleus and EDL muscles ( Fig. 2A) . Analysis of MMP-9 mRNA revealed its highest expression in the injured muscles and at the myolysis phase (day 3) in both Soleus and EDL muscles. The level of MMP-9 mRNA was also high at the early reconstruction phase in EDL (day 5) but it decreased at day 7. No MMP-9 mRNA was found in the regenerated EDL muscle (day 14). In contrast, in Soleus muscle MMP-9 mRNA level decreased at day 5 of regeneration and remained at the same level up to day 14.
MMP-2 mRNA was present at low level in the injured muscles and at the myolysis phase. However, the level of MMP-2 mRNA was higher in Soleus than in EDL muscle. It increased at the reconstruction phase reaching the highest level at day 14 in Soleus and at days 5 and 7 in EDL muscle. Therefore EDL and Soleus muscles show different expression of MMPs mRNA depending on the stage of regeneration process.
Levels of MMP-9 and MMP-2 protein change during muscle regeneration
We performed Western blot analyses of both metalloproteinases in protein extracts prepared from the regenerating muscles at different time points (day 1, 3, 5, 7 and 14 after crush) (Fig. 2B ). At day 1 of regeneration, amount of MMP-9 was about 10 times higher in Soleus and 5 times higher in EDL muscle than in the intact muscles (Fig. 2B ). In Soleus muscle the level of MMP-9 protein gradually decreased up to day 14 after crush but remained about 5 times higher than in the intact muscle. The level of MMP-9 found in the regenerating EDL muscle gradually decreased reaching the level found in the intact muscle at day 14 after crush. Level of MMP-9 protein found in Soleus muscle was higher than that in EDL muscle at every stage of regeneration.
MMP-2 protein level highly increased at day 1 of regeneration in Soleus muscle and remained high up to day 14 after crush. In contrast, in EDL muscle only a slight increase in the amount of MMP-2 was observed at 1 day of regeneration compared with the intact muscle. However, during the next days of regeneration the level of MMP-2 continuously increased reaching the peak at day 7 after the crush. At this time point the level of MMP-2 was about 10 times higher in the regenerating EDL than in the intact muscle. Then, in the regenerated EDL muscle the amount of MMP-2 protein decreased. Nevertheless, it remained higher than in the intact muscle. Thus, EDL and Soleus muscles show different patterns of MMP-2 and MMP-9 protein expression at different stages of regeneration.
B C
A of mononuclear cells suggesting that MMPs found in the regenerating muscles might be attributable not only to the infiltrating inflammatory cells but also to the resident myogenic cells. Therefore, we investigated immunolocalization of MMP-9 and MMP-2 in differentiating myoblasts in vitro to verify the hypothesis that differences between fast and slow type muscles might result, at least in part, from intrinsic properties of myoblasts.
During the first three days of cell culture in vitro, the myoblasts adhered to the plates and proliferated at a very low rate (Fig. 3 A,C) . In the next two days, the rate of myoblast divisions increased. Subsequently, the myoblasts aligned, adhered tightly and fused to form myotubes. In Soleus myoblast cultures the first myotubes appeared at day 7. At day 11, the cultures contained long, multinuclear myotubes. Two days later about 60% of myoblasts were fused. The differentiation of EDL derived myoblasts (Fig. 3C ) was 1-2 days delayed in comparison to Soleus myoblasts (Fig. 3A) .
The immunostaining showed no significant differences in MMP distribution between Soleus (Fig. 3B) and EDL ( Fig. 3D ) derived cells. MMP-2 and MMP-9 were observed at the membrane of satellite cells fixed and processed immediately after the isolation from EDL and Soleus muscles. During the proliferation phase (days 3-5) MMP-9 was mostly localized in the cytoplasm of mononuclear cells and only a weak signal was observed at the myoblast membrane. When myoblasts fused with each other (days 7-9) MMP-9 was still visible within the cytoplasm, however signal at the membrane became stronger. In most multinuclear myotubes, MMP-9 was evenly distributed in cytoplasm, however, MMP-9 was absent from some mature myotubes.
MMP-2 was present in myoblasts cytoplasm at all phases of differentiation. However, at the proliferation phase MMP-2 was also found at the plasma membrane of both Soleus and EDL derived myoblasts. MMP-2 localization along plasma membrane was especially conspicuous during fusion phase, when myoblasts were in close contact with each other or with other myotubes. Thus, localization of both enzymes was similar in myoblast isolated from Soleus and EDL muscles, but distribution of MMP-9 and MMP-2 was different at proliferation and differentiation phase suggesting different role of both enzymes in these processes.
Differences in MMP-9 and MMP-2 mRNA expression during differentiation of myoblasts isolated from Soleus and EDL in vitro
Since the distribution of MMP-9 and MMP-2 in Soleus and EDL derived myoblasts varied depending on the phase of differentiation we decided to compare levels of mRNA encoding these enzymes in myoblasts derived from both muscles at different phases of their differentiation (Fig. 4A ).
Samples were obtained from satellite cells isolated directly from the muscles (day 0) and myoblasts from day 5, 7 and 11 of culture.
MMP-9 mRNA was present in Soleus and EDL derived myoblasts. In Soleus derived myoblasts MMP-9 mRNA remained at the and EDL (C) muscles. Differentiation of myoblasts was induced in DMEM containing 10% FBS and 10% horse serum. Myoblasts adhered to plates, proliferated and then aligned and fused with one another. In Soleus myoblast cultures, the first myotubes appeared at day 7. Differentiation of EDL derived myoblasts was delayed and the first myotubes were formed at day 10 in vitro. By day 14, 60% of myoblasts underwent fusion in both types of cultures. Myotubes found in Soleus satellite cell cultures were bigger and contained more nuclei compared with EDL ones. Histological aspects of cultures were assessed by Hoffman contrast observation (Nikon microscope). Immunolocalization of MMP-9 or MMP-2 during differentiation of myoblasts isolated from Soleus (B) and EDL (D) muscles. Myoblasts at different phases of growth were fixed with 3% paraformaldehyde in PBS and stained with antibodies against MMP-9 and MMP-2 (red) and chromomycin (blue). The images were recorded using a LSM 510 confocal system (Zeiss). differences in the ECM composition. The main hypothesis explored in this study was that the differential regeneration ability of fast (EDL) and slow twitch (Soleus) muscles might result from differential MMPs action in ECM remodeling. In our current study we extended previous analyses of MMPs (Demestre et al., 2005) to the study of the localization of MMP-9 and MMP-2. Our results confirm that in the intact muscles only a weak immunostaining signal for MMP-9 and MMP-2 was detected around muscle fibers. After experimental crush injury we observed strong immunostaining along the sarcolemma of diseased muscle fibers, in mononuclear cells and along the sarcolemma and in the cytoplasm of newly formed myofibers. We found that the expression of MMP-9 and MMP-2 is up-regulated after the muscle injury. Nevertheless, the expression and activity of these two enzymes show different patterns depending on the type of muscle and the phase of muscle regeneration. The activity of MMP-9 seems to be more important at the beginning of muscle repair in Soleus and EDL. However, MMP-9 activity remains higher for longer period (up to day 14 post injury) in poorly regenerating Soleus muscle while in EDL muscle, at day 7 after crush, the MMP-9 activity decreased to the level observed in the intact control muscle.
Injury initiates a rapid and sequential invasion of muscle by inflammatory cells -neutrophiles followed by macrophages (Tidball, 2005) . The invading inflammatory cells have the ability to release MMPs (Schoser et al., 2002) . On the other hand, it has been demonstrated that MMP-9 is up-regulated during nerve crush whereas its level decreases when the muscle becomes reinervated (Demestre et al., 2005) . In our crush induced regeneration model, Soleus myolysis was rapid, extensive and heterogeneous and accompanied by increase in blood flow when compared to EDL muscle. On the other hand Bassaglia and Gautron (1995) showed that the reinervation of EDL muscle was faster than Soleus muscle (Bassaglia and Gautron, 1995) . This may suggest that MMP-9 is B C A same low level during all phases of myoblast differentiation. In contrast, in EDL derived myoblast high expression of MMP-9 mRNA was observed in isolated satellite cells (day 0) and in proliferating myoblasts (day 5) but it decreased at the beginning of myoblasts fusion (days 7 and 11).
MMP-2 mRNA was highly expressed in satellite cells isolated from Soleus muscle and remained high in proliferating, fusing (day 7) myoblasts and in myotubes at day 11 of culture. In contrast, the level of MMP-2 mRNA was low in satellite cells and proliferating myoblasts derived from EDL muscle but it increased in fusing myoblasts and in the mature myotubes. Therefore expression of MMPs mRNA in satellite cells and cultured myoblasts differed depending on the muscle cells origin and the stage of their differentiation.
Distinct levels of MMP-9 and MMP-2 protein during myoblast differentiation
Western blotting analysis of MMP-9 and MMP-2 in Soleus and EDL derived myoblasts was performed from 4 to 14 days cultures (Fig. 4B) . MMP-9 protein levels increased at proliferation phase. The highest level of MMP-9 was found at day 6 and day 8 in Soleus and EDL derived myoblasts, respectively. MMP-2 levels did not change markedly during cell proliferation and differentiation in Soleus derived myoblasts. However, in EDL derived myoblasts, at day 10 of culture, when fusion began, MMP-2 amount increased reaching the level about 3 times higher than the level found at proliferation phase. Thus, the myoblasts from Soleus and EDL muscles express MMP-9 and MMP-2 in vitro and display differential pattern of MMP-9 and MMP-2 expression during differentiation.
MMP-9 and MMP-2 have different activity during myoblast proliferation and differentiation in vitro
We analyzed MMP-2 and MMP-9 activity in medium conditioned by Soleus and EDL derived myoblasts cultured in vitro (Fig. 4C) . The assay was performed using samples collected from 4 to 14 days cultures. In Soleus derived myoblasts MMP-9 activity increased during the proliferation phase reaching the highest level at day 6 of culture. At day 8 of culture, during myoblasts differentiation its activity decreased to the level found at day 4 and remained at the same level until day 14 of culture. The pattern of MMP-9 activity found in EDL derived myoblast culture was similar to that found in Soleus. MMP-9 activity slightly increased at day 8 of culture in EDL. In contrast, in Soleus derived myoblasts MMP-2 activity gradually increased starting from day 6 and reached the highest level at day 10 of culture when the fusion occurred. In EDL-derived myoblasts activity of MMP-2 did not change markedly during proliferation phase (days 4-8) and increased about 3 times at day 10 after plating, reaching its highest level at day 12 when the fusion occurred. Thus activity of MMP-9 and MMP-2 is related to phase of myoblasts differentiation
Discussion
Several studies have shown that MMPs are involved in degradation of ECM components in muscle (Demestre et al., 2005 , Haas et al., 2000 . However fast and slow twitch muscles display number of secreted mainly by non muscle cells including inflammatory cells, and different patterns of MMP-9 activity found in slow and twitch muscle may reflect differences in their response to injury at the myolysis phase and at the beginning of reinervation.
MMP-2 activity that increases gradually during muscle regeneration seems to be more important at the reconstruction phase. Interestingly, the increase in MMP-2 protein level (demonstrated by Western blotting) in the regenerating Soleus muscle was accompanied by low MMP-2 enzymatic activity at the beginning of muscle repair. In contrast, in the regenerating EDL muscle the increased MMP-2 protein level was accompanied by its high enzymatic activity. Regulation of MMP-9 and MMP-2 enzymatic activity is a complex process. It can be regulated at the level of synthesis, zymogen activation and control of enzyme activity by tissue inhibitors of metalloproteinases (TIMP) (Kugler, 1999) . Thus the differences in MMP-2 enzymatic activity and differences in MMP-2 protein level found in Soleus and EDL muscles may represent different mechanism of activity control.
Our data suggest that the different pattern of MMPs activity in slow and fast twitch muscles may be due to the different muscle environments. Crush induced regeneration model, used in our studies, showed that fast twitch muscle EDL had higher activity of MMP-2 than slow twitch Soleus muscle. The high activity of MMP-2 found in EDL muscle seems to be responsible for ECM remodeling during reconstruction phase and prevent the accumulation of ECM components. Thus the extensive fibrosis evident in Soleus muscle could result, at least partially, from the insufficient degradation of ECM components.
The muscle environment has a profound effect on the regenerative capacity of the resident muscle precursor cells (Partridge, 2006) . Primary cultures of myoblasts isolated from Soleus and EDL muscles allowed to determine whether differences in MMPs activity during repair process result from intrinsic properties of myoblasts. There are many contradictory reports concerning the role of MMPs in myoblasts differentiation. It has been shown that overexpression of MMP-2 in culture of mouse myoblasts significantly augments myoblasts migration, whereas MMP-9 seems to play a minimal role in this process (Allen et al., 2003) . It has been also postulated that regulation of matrix turnover via MMP-9 may be involved in the events leading to myotubes formation (Lewis et al., 2000) . Our results indicate that MMP-9 is involved in all stages of myoblasts differentiation, whereas MMP-2 seems to play a crucial role during cell fusion. Immunolabeling of MMP-2 found at the plasma membrane in fusing myoblasts seems to confirm the specific role of this enzyme during cell fusion.
Our results do not indicate a direct causal relationship between satellite cells ability to produce MMPs and regeneration ability of slow and fast twitch muscles. We found no striking differences between Soleus and EDL derived cells in localization and activity of MMP-9 and MMP-2 during myoblasts proliferation and differentiation. Thus the contribution of myoblasts in vivo to the production of MMPs and remodeling of muscle ECM might be lower than the contribution of other cell types including fibroblasts, inflammatory and endothelial cells. However, since the muscle environment has a profound effect on the regenerative capacity of resident muscle precursor cells, the differences of MMP-9 and MMP-2 activity, found in Soleus and EDL regenerating muscles may modify myoblasts migration and fusion and be essential for the differences in the regenerative response of both muscle types.
Materials and Methods
Regeneration
The regeneration of EDL and Soleus muscles was induced in adult white Wag male rats as previously described [Bassaglia and Gautron, 1995] . All procedures involving animals were approved by Local Ethics Committee no 1 in Warsaw. Rats were anaesthetized with pentobarbital (Serva) and the muscle was exposed and then denervated by cutting the motor nerve at the entrance of the muscle. Next the muscle region located between two tendons was crushed with serrated jaws. After skin closure animals were allowed to recover and were returned to their cages. At different days after the procedure (regeneration days 1, 3, 5, 7 and 14) animals were euthanatized using CO 2 (Linde Gas) and the regenerating muscles were removed and weighed. Muscles were then either directly used for biochemical investigations or froze in isopentane (Fluka) pre-cooled in liquid nitrogen, and then stored at -80°C for further histological analysis. Transverse 10 µm thick sections of Soleus and EDL muscles were obtained by cryosectioning and then stained with the Gomori Trichrome (Sigma) technique for histological examination. At each day of regeneration, 3 rats were used for the examination of each muscle. Experiments were repeated three times.
Myoblast primary cultures
Satellite cells were dissociated with pronase (Sigma) from EDL or Soleus muscles isolated from 3 month old Wag male rats, as previously described (Lagord et al., 1998) . Myoblasts were seeded (20 000 cells/ cm 2 ) on slides covered with adhesion promoting molecules (Poly-LLysine, Sigma). For Western blotting or zymography cells were seeded on dishes coated with 0.1% gelatin (Sigma) and grown continuously in DMEM (Gibco) containing 10% fetal bovine serum (FBS) and 10% horse serum (HS) (Gibco) in 5% CO 2 at 37°C. At days 4, 6, 8, 10, 12 or 14 medium from the cultures was collected for zymography and cells were homogenized for Western blotting. For an immunocytological analysis Soleus and EDL derived myoblasts were fixed at days 3, 5, 7, 9 or 11 with 3% paraformaldehyde (PFA/PBS) (Fluka). Histological aspects of the cultures were assessed by Hoffman contrast observations (Nikon microscope). Experiments were repeated three times.
Reverse transcription-polymerase chain reaction (RT-PCR) assay
Total RNA was isolated using PureLink Micro-to-Midi Total RNA Purification System (Invitrogen) or High Pure RNA Isolation Kit (Roche). The mRNA encoding MMP-2 or MMP-9 fragment was amplified by a reverse transcription-polymerase chain reaction assay (RT-PCR) using 0,1µg of total RNA as a template, with the sets of previously described primers (Son et al., 2006) and a Titan One Tube RT-PCR Kit (Roche Diagnostic), according to the manufacturer's instructions. Primers for housekeeping gene (Mendler et al., 1998 , Zador et al., 1996 glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were: 5'-TTCACCACCATGGAGAAGGC-3' and 5'-CAGGAGACAACCTGGTCCTC-3'. RT-PCR conditions (35 cycles) were as follow: reverse transcription at 50°C for 30 min, then 94°C, 30 sec; 50°C, 45 sec; 68°C, 45 sec. Obtained cDNA fragments were separated on 2% Agarose LE gels (Roche Diagnostics). The gels were stained with ethidium bromide and analyzed with Gel Doc 2000 using the Quantity One software (BioRad).
Western blotting analysis
Analyses were performed for the regenerating muscles and differentiating myoblasts. In vivo regenerating muscle or cells grown in vitro were homogenised in a buffer containing 20 mM Tris-HCl, 5 mM EGTA, 5 mM EDTA, 150mM NaCl, 0.01% leupeptin, 0.5mM PMSF, 1% Triton X-100 (Sigma), pH 7,5. All operations were performed on ice. Protein concentration was determined as previously described (Bradford, 1976) . Samples containing 20 µg of proteins were separated by SDS PAGE 10% gels transferred to PVDF membrane (Roche), and incubated with primary rabbit polyclonal antibody against MMP-9 or MMP-2 (Chemicon) at final dilution 1:200 (overnight, 4°C). Subsequently, the blots were incubated with secondary anti-rabbit antibodies conjugated to peroxidase (Santa Cruz Biotechnology) for 1.5 hrs, at room temp, at final dilution 1:10000. Chemiluminescence detection was performed with the Lumi-Light Pluse Western Blotting Substrate (Roche) according to the manufacturer's protocol. Blots were documented using Gel Doc 2000 scanner. Each experiment was performed three times.
Gelatinase extraction
Extraction of MMP-9 or MMP-2 was performed for the regenerating muscles and cell conditioned medium. Enzymes were extracted as previously described (Zhang and Gottschall, 1997) . In brief, the intact and regenerating muscles were homogenized in buffer containing 50mM Tris-HCl, 150mM NaCl, 5 mM CaCl 2 , 0,05% Brij 35, 1% Triton X-100 (Sigma), pH 7,6 using 5 ml Teflon glass homogenizer. Muscle homogenate or cell conditioned medium (500 µl) were incubated for 90 min with 50 µl of gelatin-Sepharose 4B (Amersham Bioscience) with constant shaking. Samples were washed with buffer containing 50mM Tris-HCl, 150mM NaCl, 5 mM CaCl 2 , 0,05% Brij 35 (Sigma), pH 7,6 and pellets were incubated for 30 min with 150 ml of elution buffer containing 50mM Tris-HCl, 150mM NaCl, 5 mM CaCl 2 , 0,05% Brij 35, 10% DMSO (Sigma) pH 7,6. Gelatinase activity in the samples was measured by standard zymography as described below.
Assay of MMP activity
Zymography was performed as previously described (Hibbs et al., 1985) . In brief, samples were mixed with non-reducing sample buffer containing 62,5 mM Tris HCl, 10% glycerol, 2% SDS, 0,05% bromophenol blue (Sigma) and loaded onto 7,5% SDS-polyacrylamide gels containing 0,1% gelatin (Sigma). In addition, a sample containing 5 ng of gelatinase zymography standards (Chemicon) was run together with experimental samples on each gel. After electrophoresis, SDS was removed from the gels by washing in 2,5% Triton X-100 (2 x 20 min). Next, for 48 h, gels were incubated in buffer containing 50 mM Tris-HCl, 5 mM CaCl 2 , 200 mM NaCl (Sigma), pH 7,5, stained with Coomassie blue (BioRad) and scanned using the Gel Doc 2000. software. Each experiment was performed three times. According to gelatinase zymography standards, MMP-9 was detected as a band at approximately 98 kDa corresponding to MMP-9 proenzyme. MMP-2 was detected as the proenzyme that can be seen at approximately 68 kDa. A secondary band of the activated form at approximately 62 kDa was also seen.
Immunolocalization of MMP
Immunolocalization of MMP-9 or MMP-2 was performed for the regenerating muscles in vivo and differentiating myoblasts in vitro. Myoblasts at different stages of in vitro differentiation were fixed with 3% PFA/PBS (Fluka) and permeabilized with 0,1% Triton/PBS (Sigma). The transverse sections of the intact or regenerating muscles (10 µm thick) were obtained using a cryostat (MICROM). Non-specific sites were blocked with 3% BSA/PBS (Fluka) for 1 h. Next, sections or cells grown in vitro were incubated with primary rabbit polyclonal antibody against MMP-9 or MMP-2 (Santa Cruz Biotechnology) in 3% BSA/PBS (Fluka) at final dilution of 1:100. Then muscle sections were incubated with secondary anti-rabbit antibodies conjugated with FITC fluorochrome (Chemicon) at final dilution 1:200. Cells grown in vitro were incubated with secondary anti-rabbit antibody conjugated with Alexa fluorochrome (Invitrogen) at final dilution 1:200. Myoblasts nuclei were stained with chromomycin (Sigma). The images were recorded in the LSM 510 confocal system (Zeiss) and analyzed with LSM 5 Rel. 3.2 software.
